The fabrication and electrical characterization of Schottky junction diodes have been extensively researched for three-quarters of a century since the original work of Schottky in 1938. This study breaks from the highly standardized regime of such research and provides an alternative methodology that prompts novel, more efficient applications of the adroit Schottky junction in areas such as chemical and thermal sensing. The core departure from standard Schottky diode configuration is that the metal electrode is of comparable or higher resistance than the underlying semiconductor. Further, complete electrical characterization is accomplished through recording four-probe resistance-temperature (R D -T) characteristics of the device, where electrical sourcing and sensing is done only via the metal electrode and not directly through the semiconductor. Importantly, this results in probing a nominally unbiased junction while eliminating the need for an Ohmic contact to the semiconductor. The characteristic R D -T plot shows two distinct regions of high (metal) and low (semiconductor) resistances at low and high temperatures, respectively, connected by a crossover region of width, DT, within which there is a large negative temperature coefficient of resistance. The R D -T characteristic is highly sensitive to the Schottky barrier height; consequently, at a fixed temperature, R D responds appreciably to small changes in barrier height such as that induced by absorption of a chemical species (e.g., H 2 ) at the interface. A theoretical model is developed to simulate the R D -T data and applied to Pd/p-Si and Pt/p-Si Schottky diodes with a range of metal electrode resistance. The analysis gives near-perfect fits to the experimental R D -T characteristics, yielding the junction properties as fit parameters. The modelling not only helps elucidate the underlying physics but also helps to comprehend the parameter space essential for the discussed applications. Although the primary regime of application is limited to a relatively narrow range (DT) for a given type of diode, the alternative methodology is of universal applicability to all metalsemiconductor combinations forming Schottky contacts. V C 2015 AIP Publishing LLC.
I. INTRODUCTION
The pioneering work of Schottky 1 and Mott 2 on the potential barrier formed at a metal/semiconductor interface dates back to 1938. Later, Bethe 3 developed the concept of thermionic emission to describe the flow of current across the barrier. Since these foundational works, the Schottky diode has become deeply embedded and extensively deployed in the semiconductor industry and till today attracts a great deal of research interest. Key properties are a very low reverse bias leakage current and a fast response time, and these underpin some more recent developments such as Schottky diode-based components for THz communications (e.g., sources, 4 sensors, 5 and modulators 6 ) and the Schottkybarrier MOSFET, [7] [8] [9] which displays a significantly higher (up to 10 4 ) on-to-off current ratio relative to its conventional counterpart with doped-semiconductor source and drain. In recent years, much electronic device research has been materials driven and, in the context of the Schottky diode, the emphasis lies decidedly on the semiconductor side of the barrier. Investigations have addressed the formation and characteristics of Schottky contacts on SiC, 10 GaN, 11 and ZnO 12, 13 substrates, for example. In the realm of nanostructured media, Schottky contacts have been formed with GaN nanowires, 14 ZnO nanorods, 15 InP nanoneedles, 16 and semiconducting carbon nanotubes. 17, 18 The Schottky barrier (SB) interface itself has been the focus of much experimentation with the electrical properties frequently characterized in terms of plots of current against voltage (as a function of temperature), I-V(-T), and capacitance versus voltage, C-V. The SB height is a primary characterization parameter and its modification for a given metal/ semiconductor combination has been studied as a function of the semiconductor surface treatment prior to metal deposition, 19 delta-doping at the semiconductor surface, 20 the method of metal deposition, 21 the presence of molecular species at the Schottky interface, 22, 23 and even post-fabrication ion implanting and drive-in annealing. 24 The influence of molecular species on the SB height is, of course, the basis for gas sensing 25, 26 using Schottky diodes, in particular, hydrogen sensing. [27] [28] [29] [30] Previously, we have reported ultrahighsensitivity hydrogen detection employing the methodology developed here with Pd as the metal electrode. Complementing the experimental work, there have been numerous theoretical and modeling studies aimed at understanding SB characteristics. As regards the SB height, one of the more salient features has been the development of analysis incorporating non-homogeneous barrier heights, [32] [33] [34] [35] [36] giving a physical basis to the ideality factor that is introduced in an empirical manner within the application of the thermionic emission model to I-V-T data. A detailed review of the physics and chemistry of Schottky barrier formation and characteristics has been given recently by Tung. 37 By contrast, the metal side of the barrier per se is visited less frequently. Beyond the use of metals and metal silicides, there has been some investigation where the "metal" electrode is a material of a more topical nature such as graphite 38 or graphene, [39] [40] [41] [42] [43] [44] or where it has comprised a nanoparticulate layer 29 or indeed even a metallic metamaterial. 6 The work reported here is distinctive in that it focuses on the metal side of the barrier, specifically the use of resistive metal electrodes, but in combination with electrical measurements where the contacts are made to the metal electrode only (Figure 1 ). While the measurement of device resistance obtained as a function of temperature (R D -T) is ostensibly just that of the metal electrode, the underlying semiconductor and SB in fact play a critical, temperature-dependent role, such that the R D -T measurement can constitute a simple, single-run method of characterizing the Schottky junction properties along with their temperature dependence. This may be regarded as complementary or alternative to the usual multi-run I-V-T method. Such characterization requires quantitative modeling of the R D -T data where properties of the semiconductor, SB and metal act as input parameters as reported here. The core feature that the experiment yields, and that any model must describe, is a region of negative temperature coefficient of resistance (NTR) in the R D -T plots (Figures 2 and 3) .
In stating that the metal electrode is resistive, this is relative to a portion of the underlying semiconductor of similar lateral dimensions. Since any metal can be made thin enough to be resistive, the methodology discussed here is not restrictive; thus, common metals (and metal silicides) used in Schottky diode formation are perfectly adequate to illustrate the main points, as is the use of Si and industry-standard III-V semiconductor substrates, rather than anything more topical or esoteric. Here, results from Pt/p-Si and Pd/p-Si devices are analyzed in detail, while we have reported a less in-depth survey of a broader range of Schottky contacts using this methodology elsewhere. 45 In the results discussed below, the metal electrode resistance lies in the range of 0.2-40 kX.
The Schottky configuration discussed here represents something of a blind spot in the field. This obviously prompts the question of why should there be such a gap in the field the first place? We suggest that this is due to two factors individually and in combination: (a) metal electrodes in Schottky devices are nearly always much thicker ($100 nm or greater) and thus non-resistive in the terms discussed here, and (b) electrical measurements are nearly always conducted directly across the device with contact electrodes on opposite sides of the SB in order to avail of the rectifying properties. Thus, even when the use of ultra-thin metallic electrodes has been routine technology in specific contexts in the past, notably, for example, in PtSi/p-Si array detectors, 46, 47 where the PtSi electrode is typically 2-5 nm thick (i.e., even when statement (a) does not apply), the implementation of (b) means that the NTR effect addressed here is not routinely observed. On the other hand, the key result of NTR in the R D -T plot is not entirely unknown in the literature, but has featured only very rarely so far as we are aware. 48, 49 Overall, the present scheme (R D -T measurement) of characterizing a Schottky junction across a wide temperature range has not been methodically investigated experimentally nor has it been quantitatively analyzed or modelled. We address these issues here, highlighting the distinctive advantages this technique offers and how it can lead to more efficacious application of Schottky devices in established and newer areas.
II. EXPERIMENT
The Pd/p-Si and Pt/p-Si Schottky devices were fabricated on p-type (boron doped), 500 lm thick Si (100) wafers of resistivity 1-10 X cm (N A > 1 Â 10 15 cm
À3
). Figure 1 shows an optical micrograph (top-view) of the device, the inset sketching the cross-section. Prior to device fabrication, standard cleaning procedures were followed to remove any organic residues. The native oxide was removed using buffered HF (HF:H 2 O ¼ 1:10) solution; this was followed by the controlled growth of a thicker ($80 nm), high quality oxide layer in which the device window was etched. The Schottky interface was then formed by electron beam evaporation of a thin Pd or Pt strip of width, w, length L, and thickness, t Շ 10 nm, onto the clean, exposed Si surface, defined by the window in the overlying oxide layer. Lift-off was used to remove the metal over the remainder of the wafer. In a second lithography step, the thin metal electrode was contacted with four metal contact pads (as illustrated in Figure 1 ), which were used for measuring the four-probe device resistance R D . In addition, an Ohmic back contact was formed in order to facilitate conventional cross-barrier I-V measurements. The device patterning, using standard optical lithography techniques, was performed at the Phillips Mi-Plaza facility, Eindhoven, The Netherlands.
The linear four-probe resistance R D -T measurements (along the metal electrodes) were carried out in the temperature interval of 15-425 K in a CTI Cryotronics closed cycle He refrigerator system, operating at a base pressure of $10 -6 mbar and equipped with a temperature controller (Lakeshore 22C). The current-voltage (I-V) characteristics (across the Schottky barrier) were measured at various temperatures (temperature stability <500 mK), using a programmable source meter (HP4000A). While conducting the R D -T measurements, no electrical contacts were directly made to the semiconductor.
In this study, we have investigated electrical transport along a range of these elongated Schottky diodes in which the metal electrode is varied systematically in width (16, 32 , and 64 lm), while the length, L, is kept constant at 160 lm. We present data from a selected number of samples, S1-S5, as specified in Table I .
III. RESULTS AND PHYSICAL EXPLANATION
The R D -T results of Figures 2 and 3 were obtained utilising samples of the type illustrated in Figure 1 . Figure 2 shows a semilog R D -T plot for a set of Pd/p-Si samples (S1-S3) from 15 to 425 K. For all plots, the device resistance, R D , exhibits a linear section at low temperatures, reaches a maximum (R max ) at a temperature T 1 $ 250 K, above which it falls sharply, i.e., exhibits a negative temperature coefficient (dR D /dT < 0), before reaching a minimum resistance R min at T 2 $ 350-400 K. A similar temperature dependence of R D is observed for the Pt/ p-Si samples, S4 and S5 ( Figure 3 ). Above T 2 , dR D /dT can be seen to change sign again and is, in general, non-linear in nature. Thus, as a function of temperature, the R D -T plots exhibit a metal-insulator-metal transition, as denoted by the sign of dR D /dT of the curves. We define the transition as being of magnitude DR D ¼ R max -R min , and occurring at temperature
. The values of T C , DT, and DR D are tabulated in Table I for each of the samples S1-S5, along with the type and width of the metal electrode and doping density of the semiconductor substrate. T C is seen to be relatively independent of the geometric properties (sample width) for both Pd and Pt samples. DT and DR D both increase with decreasing sample width, showing that the transition takes place over a wider temperature range for narrower samples. However, their ratio DR D /DT indicates that the transition becomes progressively sharper, in terms of absolute gradient, with decreasing width (see Table I ). Thus, the slope of the transition can be determined by controlling the width (resistance) of the metal layer alone.
In performing these measurements, the outermost contacts to the thin metal (Pd or Pt) electrode act as the source and drain of electric current (denoted as Iþ and IÀ in Figure  1 (b)). The potential developed between the inner two electrodes is measured to obtain R D . Importantly, no external bias is explicitly applied across the SB. However, even in the absence of a direct bias, any carrier injected into the Pd or Pt strip can be excited across the SB into the semiconductor and so is not necessarily confined to the metal alone. This is the key issue in the device set-up here and it is now tracked from low to high temperature.
Starting from T ( T 1 , the probability of thermionic emission over the SB is negligible, resulting in confinement of the carriers to the resistive metal electrode. In this regime, electrical transport takes place only through the metal, evidenced by the positive, linear dependence of R D on temperature. The most interesting behaviour of the device resistance occurs in the region of T $ T C . The collapse in resistance for T > T 1 is a direct consequence of an increase in thermal excitation of carriers across the SB, bringing the semiconductor into play as a parallel, current carrying channel. This process continues until R D reaches R min at T 2 where further increase in the thermally driven barrier crossing is no longer effective in reducing the overall device resistance-the region of NTR comes to an end. At higher temperatures, in the regime T > T 2 , carriers cross the SB with ease, and the resistance of the semiconductor substrate determines R D predominantly, whereupon a positive (variable) temperature coefficient of resistance re-asserts.
At any temperature T, the probability of thermionic emission across a barrier of height / B is $exp(À/ B /kT), where k is the Boltzmann constant; alternatively, one can think in terms of a SB resistance that is inversely proportional to the excitation probability. Applying this terminology to the NTR region, the excitation probability (SB resistance) increases (decreases) with temperature until it becomes sufficiently large (small) for it to have no effect on the overall resistance of the device at T 2 . In the region of T $ T C , the effective SB resistance is comparable to that of the semiconductor. Importantly, T C and DT are not only decided by the relative values of the semiconductor and metal resistances but crucially by the SB height / B . If, at a given temperature, the resistances of the metal and semiconductor are comparable, and the measured resistance is a combination of transport through the metal and semiconductor determined by the exact value of / B . Any change to / B is thus directly and sensitively reflected in the four-probe device resistance. In all cases in Figures 2 and 3 , electrical transport for T > T 2 is dominated by conduction through the semiconductor substrate. This is achieved by having a highly resistive metal electrode, ensured by less than 10 nm thickness of the metal film. If the metal is substantially thicker than 10 nm, its resistance is much smaller than the Si substrate at all temperatures, and the conduction is dominated by the metal at all temperatures; consequently, no transition is observed in the R D -T plot.
We now lay out the background for developing this conceptual framework into a quantitative model (Sec. IV), noting that the experimental data, coupled with theoretical modelling, could offer a single-step technique for characterising the various device parameters, namely, the residual resistivity and temperature coefficient of resistance of the metal film, the semiconductor doping density, and the SB height, along with its temperature dependence. Traditionally, values for the semiconductor-and barrier-related parameters are obtained from a series of I-V measurements across the SB, carried out at various temperatures. At this stage, to create a bridge to the conventional I-V-T approach, it is useful to proceed by referring to a set of such measurements and to use the device parameters generated thereby to inform the model developed to describe the R D -T data of Figures 2 and 3. The temperature dependent I-V characteristics (measured across the SB) of these devices were recorded in the temperature range of 50-350 K (Figures S1 and S2 in supplementary material). 50 The forward biased characteristic is well described by the standard thermionic emission diffusion theory, 51 where the total current density, J, across a metalsemiconductor junction is given by
in which
where A* is the effective Richardson constant for thermionic emission and g is the diode ideality factor. Here, A* is defined as
, where m* is the effective mass. Fitting Eq. (1) to the forward bias I-V characteristics, for V տ 3kT, at various temperatures yields J o and consequently / B as a function of temperature, shown in Figure S3 in supplementary material. 50 The effective Richardson constant A* used for p-type Si in the fits is 79. 
IV. MODELLING THE DEVICE RESISTANCE, R D
The resistance of the SB device (R D ) in the configuration of Figure 1 (b) can be modelled on the basis that the thin metal film and the semiconductor substrate can be considered as a series of resistor elements (r M and r S , respectively) in parallel, with the SB (of resistance R SB ) incorporated as interconnecting resistors forming an infinite resistor ladder network as shown in Figure 4 . To measure the total resistance a known current is sourced and drained through terminals A and B, respectively, and the potential developed in between is measured to compute the device resistance R D .
Here, the ladder network consists of N cells with all cells identical except the first and last; in each cell, r M ¼ R M /N and r S ¼ R S /N. Although all the SB resistances are denoted by R SB in practice, they may be different due to a spatial distribution of the SB height, / B , making it is impossible to obtain an exact solution of the equivalent resistance, for large N.
For the metal electrode, a linear fit to the experimental R D -T data for T ( T C generates the best fit values for R M , with
This linear fit is used to represent the metal resistance and is extrapolated over the entire temperature range investigated. For the semiconductor, the resistivity is given by where l h is the hole mobility, p is the hole density, l e is the electron mobility, and n is the electron density. Depending on the nature of doping (p-or n-type) of the substrate, we retain only the majority carrier term for calculation; here, this is l h p. To evaluate R S as a function of T from Eq. (4), expressions for the carrier density and mobility must be considered. Details of the calculation of the carrier density are well documented in standard semiconductor literature; 51 for a p-type substrate, the primary factors determining the carrier density are the ionized acceptor impurity concentration, N À A , and the thermally generated electron density in the conduction band, n. The relevant expression is
where the previously undefined quantities are the ground state degeneracy factor for acceptor levels, g A (¼4 for Si), the acceptor energy level, E A (¼0.045 eV for B-doped Si), the Fermi level E F , the conduction band energy level, E C , and the effective densities of states in the acceptor and conduction bands, N A and N C , respectively. In determining the mobility of the holes, l h (in the case of p-type Si) measurements have shown that this quantity varies with temperature and N A . Theoretical predictions indicate that l h is affected both by lattice vibrations and ionized impurities. For lattice scattering l h / T Àc , where c is the temperature exponent, taking on a value of $3/2 when involving longitudinal acoustical modes. In the case of ionized impurities, around 300 K, the mobility decreases with increasing N A . The measured mobility at room temperature, l h(300K) , with an impurity concentration of $10 15 cm À3 is $490 cm 2 /V s for p-Si. For low dopant concentrations, mobility decreases with temperature. In practice, experimental results demonstrate a range of values, 1.6 c 2.8, 52,53 the larger magnitude originating from additional scattering mechanisms such as non-isotropic effective masses, transverse acoustic phonons, and optical phonons. Overall, the temperature dependence of l h may be expressed as
Thus, having determined the carrier density and mobility along with their temperature dependence, a complete expression may be obtained for R S and consequently r S . Finally, turning attention to the SB resistance, a mathematical expression to model R SB and its temperature dependence can be given on the basis of Eqs. (1) and (2) . Under the present measurement conditions, no bias is explicitly applied across the barrier and with a maximum potential drop $10 mV along the length of the device (i.e., across terminals AB) the effective bias across the Schottky barrier is extremely small and is actually a function of position, depending on the exact path of transport through the device. We thus assume that the dominant carrier transport mechanism across the barrier at any point is primarily governed by Eq. (1), with quasi-zero applied bias, and that the barrier resistance is thus given by
under both infinitesimal forward and reverse bias conditions. Assuming the effective bias across the barrier, at any point along the elongated metal electrode is of the order of a few mV or less the symmetric use of this expression is reasonable. This is certainly more so the case at lower temperatures in the region of T C , where the form of the decrease in R SB will be most sensitively manifest in the overall device response. If the bias-symmetric application of Eq. (7) at higher temperatures is less appropriate, it is of much less consequence since R SB has effectively collapsed by that stage-the metal and semiconductor are then effectively in intimate electrical contact and R D is dominated by the component resistances R M and R S . It is important to note that the SB height is reported in literature to be a linear function of temperature, a behavior ascribed to barrier inhomogeneities 54,55 of the junction. The SB heights calculated from the I-V-T characteristics of the devices studied here also show a linear T dependence 50 of the form
with b $ 0.25 meV/K and a device dependent / 300K . Consequently, we have also incorporated a temperature dependent / B (T), as described by Eq. (8), with / 300K and b as fit parameters in modelling the device resistance R D . However, the actual fitting of the data in Figures 2 and 3 is done independently of any input from the I-V-T approach; differences in the value of / B generated from analysis of I-V-T and R D -T data are tabulated in Table S1 50 of supplementary material and discussed briefly later.
Having derived expressions for r M , r S , and R SB , we are now in a position to calculate the effective resistance between A and B. Analytical calculation of the overall resistance for N > 1 becomes very cumbersome; thus, it was evaluated numerically by a custom written computer code implemented using Matlab # . For the fits shown in Figures 2  and 3 , a 10-cell configuration was used to model the data. In general, a multi-cell calculation is required to replicate the experimental data well in the vicinity of the turning points at T 1 and T 2 on the R D -T curve. The parameters derived from the 10-cell calculation of the modelled data of Figures 2 and 3 are given in Table II . The data, which are physically based, are highly consistent across the sample range.
To further elucidate the analysis in a manner that offers direct physical insight, the N ¼ 1 case is considered; for this case, the effective diode resistance may be expressed analytically as
where g is a geometric factor given by L/A S , A S being the area of the semiconductor cross-section 56 and L is the metal electrode length. Interestingly, no scaling factors are required for either of the last two terms in Eq. (9) . Figure 5 shows the component parts of the model for the N ¼ 1 case and their combination to yield the device R D -T curve. For purposes of illustration, this is done using the data of S5 as an example since all resistances can be plotted comfortably on the same scale to show all the salient features and since the N ¼ 1 fit is of good quality in this case. The linear temperature dependence of R M (Eq. (3)) is characterized at low temperature but is extrapolated to higher temperature, as indicated by the dashed line.
In relation to the semiconductor curve, R S , there is a run-off to very high resistance at low temperature as the carriers get "frozen out." This feature is not seen in the experimental data because the current flow in this temperature range is solely via the metal electrode. If the barrier height were significantly lower, then the R D -T characteristic would reflect this phenomenon, provided still that the metal electrode had significant resistance. (It might also be remarked that, relative to a pure semiconductor thermistor, the presence of the metal electrode, allied with measurement along the length of the electrode, ensures tractable, easily measurable device operation over the entire temperature range.) In the high-T regime, R S exhibits a positive curvature, characteristic of semiconductor transport. This too can be manifested in R D depending on the relative contribution of metal and semiconductor in this regime. The next step in the development of Figure 5 is curve R S þ SB representing the combined effective resistance of barrier and semiconductor. The main point to note is that the region of falling resistance in R SþSB (with increasing temperature) is clearly the origin of the drop seen in R D as this is quite distinctly removed (by >100 K) from the resistance drop in R S due to thermal excitation of carriers within the semiconductor. Finally, the combination of R M and R SþSB yields the overall device resistance according to Eq. (9) .
The above analysis is based entirely on the standard thermionic emission diffusion theory in the quasi-zero bias limit, applied to the SB within the 10-cell resistor network model of Figure 4 . Beyond the obvious point of evidential justification for the above approach, namely, that it works very well as shown by Figures 2, 3 , and 5 (for the single-cell case), we comment on two further points in relation to the physical basis of the model. First, it is re-iterated that the quasi-zero bias condition allows us to treat the SB as a simple resistive element for all samples and across the entire temperature range. Second, the SB height obtained from the model R D -T plots (Table II) is systematically lower than those obtained from analysis of the I-V-T plots, as shown in Figure S3 and Table S1 in supplementary material. 50 This is likely due to the lateral transport geometry underpinning the R D -T data and the contrast in the bias conditions pertaining to the SB, under which the barrier height is calculated, in the two methodologies. For the R D -T measurements, no bias is explicitly applied to the semiconductor and only a small (quasi-zero) bias appears across the SB, which accentuates contributions from the lower SB height regions of the junction. In contrast, necessarily the high bias regime of the I-V-T data is used to calculate the SB height. Carriers moving across the SB evidence different effective SB heights, at quasi-zero and for large bias regimes, 36, 37 as probed by the two techniques. Nonetheless, we reiterate that the data of Table II are very consistent across the sample range (especially for the pair of Pt/p-Si samples) are physically based and realistic, and underpin the excellent fits of calculated to experimental data.
V. OUTLINING THE APPLICATION POTENTIAL OF THE ALTERNATIVE METHODOLOGY
In order to further elucidate the advantages of the presented methodology and potential for future applications, we refer to the simulated R D -T of an idealized device shown in Figure 6(a) (solid black line) . The metal electrode is designed to have device (metal) resistance R D $ 5 kX at low T, while the high-T resistance is a few hundred Ohms. Other device parameters are chosen to be typical of those given in Table II for devices S4 and S5 with u B ¼ 300 meV at 150 K. The sharpness of the transition centered around 150 K is quantified here by calculating the differential dR D /dT (inset of Figure 6(a) ). The full width at half maximum shows dT $ 20 K. As observed, the metal and semiconductor properties determine the sharpness of transition while the T C is primarily determined by the SB height. The family of curves in Figure 6 (a) is generated by decreasing the SB height from 300 to 200 meV in steps of 25 meV with the other parameters unchanged; the arrow indicates decreasing barrier height. Consequently, T C shifts to lower temperatures with marginal increase in the sharpness of transition. Alternatively, when observed at a fixed temperature R D decreases with decreasing SB height; Figure 6 (b) (left axis) plots this change in R D at T ¼ 128 K, as the SB height collapses. The points in Figure 6 (a) at which R D is sampled are denoted by squares. The derivative (dR D /du B ) plotted in Figure 6 (b) (right axis) shows a high sensitivity of $10 5 X/eV at its peak, located around the T C of the corresponding R D -T plot. Though the sensitivity of R D is apparently a function of SB height, it is really decided by the location of the measurement point within the transition region in the corresponding R D -T curve. Notably, over the entire transition region the sensitivity is always higher than 10 4 X/eV. Therefore, with the operating temperature located within the transition region (it is generally desirable that this region is just above ambient temperature), R D becomes an excellent "sniffer" of small changes in SB height and in turn any external parameter that might induce such change. Thus, based on the above property, the authors have demonstrated a highly sensitive (1 ppm) hydrogen detector 31 using the device configuration of Figure 1 ; indeed, with the value of R max not being optimally located in temperature in that study, there is ample scope for improved performance and further lowering of the detection threshold. To re-iterate a key finding of that study, the sensitivity of R D to hydrogen concentration, C H , was significant for very low concentrations (C H < 20 ppm), since R D effectively probes the (inverse of) junction conductance, which changes significantly in the near-zero junction bias regime. By contrast, the hydrogen detection sensitivity of Schottky diodes operated in the conventional I-V measurement mode is extremely low for C H < 20 ppm, but increases rapidly in the range of 10 2 < C H < 10 4 before losing sensitivity for very high C H (refer Feng et al. 31 and references therein). It is worth mentioning that in addition to the primary effect of interfacial atomic hydrogen altering the SB height, there is also a possible effect on the semiconductor resistance due to hydrogen passivation of the dopants, which may also, in turn, affect the barrier profile. 57 However, any such secondary effects are not explicit in our present analysis.
Comparable sensitivity has also been reported for similar Pt-InN devices; 58 however, while those macroscopic scale (0.5 Â 2.5 mm) devices appear to share the same operating principle as our devices, the mechanism of current flow is not elucidated or analyzed in that work. On the basis of the model discussed above, we conclude that the high sensitivity of R D to the SB height stems from exponential interdependence between R D and the SB height (refer Eqs. (7) and (9)), a feature guaranteed by an important aspect of this measurement technique, namely, negligible (quasi zero) voltage drop across the Schottky junction. The exponential interdependence and thereby sensitivity is progressively muted with increasing voltage drop across the junction. The developed model not only enhances our understanding of the high sensitivity reported by Feng et al. 31 and Chang et al. 58 but crucially helps in optimization of the device parameter space for improved performance. We additionally note that the use of a high-resistance metal electrode in the active device region, inherent in the structure of this type of Schottky device, brings with it the corollary of facilitating better molecular access to the SB region through a very thin, highly porous metal electrode structure.
It is re-iterated that the methodology described above is of general applicability to all metal-semiconductor combinations that form Schottky contacts, provided the "metal" electrode can controllably be made very thin or resistive. In addition to very thin, but otherwise "standard" metal film electrodes such as are used here and in Refs. 48 and 58, the methodology could be readily extended to include, e.g., the nanoparticle-Pd/diodes reported by Chou et al., 29 the various carbon-based Schottky contacts such as the semi-metal/semiconductor, graphite/-Si (or/-GaAs or /4 H-SiC) structures of Tongay et al. 38 and single or double layer graphene electrodes. [39] [40] [41] [42] [43] [44] Also, there is an interesting class of 1D ZnS nanorod/carbon nanotube coaxial Schottky junctions, 59 which would be readily amenable to the methodology reported here.
Finally, the methodology we report is optimally realized through the formation of high-aspect-ratio Schottky diodes, a configuration which is highly amenable to exploitation in the context of semiconducting nanowire structures. Of particular interest and relevance, we note the formation of Schottkycontact devices based on single semiconductor nanowires of Ge, 60 ZnO, 61 and GaAs, 62 all with photodetection as the targeted application. Such single semiconductor structures with a very thin, resistive metal adlayer forming a Schottky contact (and suitably contacted for 4-point probe measurement) would offer an extended arena with some interesting physical contrasts for the proposed methodology. The reason for physical contrast with the devices presented here is that when the semiconductor itself is nano-dimensioned, the physics of the depletion region and conduction across the Schottky barrier is significantly modified, 63 with the key modification being an enhanced tunnelling regime. Such effects have been explicitly taken into account in an investigation of hydrogen detection using a GaN/Pt Schottky honeycomb network. 64 
VI. CONCLUSION
In this work, a different perspective on Schottky diode fabrication and measurement has been taken to yield R D -T characteristics that are sensitive to all of the metal, SB, and semiconductor properties. The key feature of the R D -T curves is a region of NTR (dR D /dT < 0) centered at a temperature T C , which is primarily decided by the SB height. The magnitude of the NTR though is shown to be critically dependent on the resistance of the metal electrode relative to that of the underlying semiconductor. The R D -T behavior is effectively and precisely described using a simple-in-principle resistor network model, which further elucidates how one might control the characteristics of the R D -T curve (T c , DR, DT, and to some extent DR/DT) or, alternatively, how such curves could be used for characterization analysis that is complementary to that based on conventional I-V-T and C-V measurements. Notably, within the NTR region, the device resistance is shown to be highly sensitive to the SB height due to their exponential interdependence; a feature that can be effectively exploited to perform molecular sensing of species that accumulate at the Schottky interface leading to a change in barrier height. We can confirm that this is indeed the case by using resistive-Pd/n-InP diodes in the above discussed 4-probe configuration to detect hydrogen to the ppm level, 31 displaying greater sensitivity at low concentration levels than the same devices operated with the standard contact configuration directly across the SB. More obviously, the device can be used as a limited range (but selectable) temperature sensor and also as a thermally controlled switch with definite cut-off resistances beyond specific temperatures. Since the DR between the high and low resistance states can be as large as $10 3 , the device resistance can change by that amount once it crosses pre-specified temperatures (DT around T C ). Thus, both trigger and control of a temperature dependent parameter of a system can also be achieved by employing this incarnation of the Schottky junction. 
